Introduction Intramedullary spinal cord neoplasms (ISCN) in children provide diagnostic, treatment and management dilemmas. Resection results in the best chance for disease control, but the greatest risk of neurologic deficit. We hypothesize that diffusion tensor imaging (DTI) and diffusion tensorfiber tracking (DT-FT) can help characterize margins of pediatric ISCN to aid in surgical planning. Methods This HIPAA compliant retrospective study was performed after Institutional Review Board approval. Patients with ISCN from a single tertiary care pediatric institution were identified, and patients with preoperative DTI were evaluated. Results Ten patients (eight males and two females) with ISCN with preoperative DTI were identified. The mean age was 11.1±6.2 years (range, 2-18 years). Eight tumors demonstrated DTI and DT-FT evidence of splayed cord tracts, and two demonstrated evidence of infiltration of cord tracts. The eight patients with splayed tracts underwent resection, with seven achieving gross-total resection and one subtotal resection. The two patients with infiltration of white matter tracts underwent biopsy of their lesion.
Introduction
Intramedullary spinal cord neoplasms (ISCN) represent up to 6 % of pediatric CNS neoplasms [1] and pose diagnostic and treatment dilemmas. Surgical resection is most effective at reducing disease burden, but carries significant risks of morbidity. Differentiating discretely marginated from infiltrating tumors is important for surgical planning, although complicated by peritumoral edema and the often heterogeneous nature of these lesions.
Advances in magnetic resonance imaging (MRI) technology have allowed preoperative characterization of brain tumors to include physiologic parameters in addition to traditional structural evaluation [2] . Diffusion tensor imaging (DTI) and diffusion tensor-fiber tracking (DT-FT, i.e., "tractography") are noninvasive methods to estimate the direction and integrity of white matter tracts. While this technique has traditionally been employed in the brain, recent investigations have evaluated its role in the spinal cord in the setting of degenerative changes, trauma, and neoplasm [3] [4] [5] [6] . Early reports in adults have suggested that DTI and DT-FT can aid in differentiating astrocytomas from ependymomas because of the typical infiltrating nature of astrocytomas as compared with ependymomas, which tend to displace rather than disrupt white matter tracts [7] [8] [9] . Given the difficulty in translating DTI to the spine, and the rarity of ISCN, the true role of this technique has not yet been established.
There have been no reported case series correlating DTI with the histologic characterization of ISCN in children. We hypothesized that DTI and DT-FT could aid in determining resectability; however, it may be a less reliable means of differentiating ependymomas from astrocytomas compared with adults. Spinal cord astrocytomas in children often have different histologic characteristics than those seen in adults. We evaluated whether DTI and DT-FT can be used to characterize the margins of intramedullary spinal cord neoplasms in children by assessing the infiltrative or discrete nature of the lesions and their anatomic relationship with surrounding white matter tracts.
Methods

Patient selection and neurologic assessment
This HIPAA compliant retrospective study was performed after Institutional Review Board approval. Patients with ISCN and preoperative DTI from a single tertiary care pediatric institution were identified. Cases from 2011 to 2013 were evaluated, as spinal cord DTI was started in 2011. Neurologic exams were performed on each patient preoperatively, at the time of discharge, and at follow-up.
Magnetic resonance imaging
Studies were performed on a 3-Tesla MRI scanner (Siemens Verio, Siemens, Munich, Germany) using 20 directions of CM cervicomedullary, CT cervicothoracic, C cervical, T thoracic, GTR gross-total resection, JPA juvenile pilocytic astrocytoma, STR subtotal tumor resection encoding, and on a GE 1.5 or 3.0 Tesla (Signa HDxt, General Electric, Milwaukee, WI) scanner with 25 directions of encoding. All DTI data was acquired in both the axial and sagittal plane with 2 mm slice interval and a 128×128 matrix, b value of 1,000 ms with a single b0 acquisition, TE of 86 ms and TR of 10,000 ms. Axial DTI was acquired to include at least 2 cm of uninvolved cord along both the superior and inferior margins of the lesion, as determined by neuroradiologist evaluation of conventional structural imaging at the time of acquisition. At the time of DTI acquisition, conventional MRI images of the spine were obtained prior to and after gadolinium administration. Vendor-provided software was used for distortion correction and processing of fractional anisotropy (FA), directionally encoded fractional anisotropy maps (DE-FA), and DT-FT overlays. DT-FT was also evaluated using one of two dedicated workstations (StealthVis, Medtronic, Inc, Memphis, TN; Dynasuite Neuro 3.0, InVivo Corp, Pewaukee, WI). DT-FT was processed using a fiber assignment by continuous tracking algorithm [10] with an FA threshold of 0.2, with ROI placed by the neuroradiologist supervising the study. ROI placement was performed on multiple axial images extending from approximately 2 cm above the lesion to approximately 2 cm below the lesion, at no greater than 1 cm intervals. At each level evaluated, an ROI for DT-FT seeding was placed involving the entire cross-section of the cord and ROIs covering each of four quadrants demarcated by a midline anterior and posterior axis. Additional ROIs were placed using neuroradiologist discretion to help further scrutinize tumor margins, as needed.
Evaluation of imaging
All spinal cord tumors were assessed by MRI for size, signal characteristics, solid and/or cystic nature, degree of enhancement and location. All MRI images were interpreted by a board-certified fellowship-trained neuroradiologist who performed DTI and DT-FT processing. With each case, a preoperative consultation was performed with a pediatric neurosurgeon prior to resection or biopsy. Retrospective review of the structural and diffusion tensor data was performed by consensus of two board-certified neuroradiologists.
Surgical treatment
Based upon the clinical presentation and the imaging appearance, the surgical plan was either a biopsy or resection. When the plan was for resection, the goal was to maximally resect tumor while preserving the fibers (and function) of the native spinal cord. All resections were performed with laminectomy or laminoplasty, dorsal midline myelotomy, and microsurgical resection. Intraoperative monitoring with sensory evoked potentials and motor evoked potentials was used in all cases with f Lateral projection DT-FT image showing continuity of fiber tracts from above to below the mass, which are peripherally deviated as they traverse the lesion intended resection. Surgical records were evaluated to determine description of the characteristics of the tumor as well as the tumor-cord interface. Postoperative notes, including discharge summaries and clinic follow-up notes were evaluated to determine if there were new or deteriorating neurologic symptoms.
Results
Ten patients with ISCN with preoperative DTI were identified, including eight males and two females. The mean age was 11.1±6.2 years (range, 2-18 years; median, 13 years). There were three cervicomedullary junction tumors, four cervical tumors and three thoracic tumors. The histologic diagnoses were pilocytic astrocytoma (n= 7), ependymoma (n=1), ganglioglioma (n=1), and high-grade glioma (n=1; Table 1 ).
The patient with the ependymoma had undergone previous subtotal resection of the lesion at a separate institution.
Eight tumors showed evidence of splaying of fibers, including all seven pilocytic astrocytomas and the ependymoma (Fig. 1) . Subtotal resection was planned on one large cervicomedullary junction pilocytic astrocytoma (Fig. 2) , and gross-total resection was planned on the remaining tumors that showed splaying of fibers. In patients undergoing resection, no new neurologic deficits persisted beyond hospital discharge. The ganglioglioma and high-grade glioma showed evidence of infiltration of fibers (Fig. 3) , and biopsy was performed.
In all eight patients with DTI evidence of splaying of fibers, a discrete dissection plane was found at the margin of the tumor in at least some locations; however, along margins where the cord parenchyma was thinner than 1 mm, there were edematous changes in the cord parenchyma which necessitated caution during resection. In both patients with DTI evidence of tumor infiltration who underwent open biopsy, no discrete tumor margin could be identified under the operating microscope. Discussion DTI and DT-FT can be performed in pediatric intramedullary spinal cord neoplasms as an adjunct to conventional structural imaging to help determine the location of tumor margins as well as the presence and degree of deflection of white matter tracts. Unlike preliminary results in adult intramedullary spinal cord neoplasms, DTI of ISCN in children does not differentiate astrocytomas from ependymomas. The pilocytic astrocytomas seen in seven of the ten children in this series have histologic and structural differences from astrocytomas seen in prior adult spinal cord DTI series. DTI does appear to document whether there is splaying versus disruption of fibers, allowing determination of whether it is safe to attempt resection or whether biopsy is more appropriate. These findings were concordant with intraoperative findings by the neurosurgeon. Therefore, the true role of spinal cord DTI and DT-FT may not be in predicting histology, but rather in determining resectability. DTI and DT-FT have proven to be very useful in evaluating white matter tracts, with nearly the entirety of this experience being within the brain. Considering the absence of a true "gold standard," DTI and DT-FT have been difficult to fully validate. However, the growing body of literature demonstrating its accuracy and utility in tumors, vascular lesions, and surgery for epilepsy adds to the confidence in using this technique.
Recently, this technology has been applied to the spinal cord [8, 11, 12] , including presurgical planning of adult spinal cord tumor procedures [7] . Preliminary work has suggested that DTI of adult ISCN can differentiate astrocytomas from ependymomas [7] [8] [9] . In adults, infiltrative astrocytomas are more common than in the pediatric population, while ependymomas tend to be well circumscribed. These tumors could be characterized using DTI and DT-FT to evaluate the structural integrity of the white matter tracts, which could be a way to decrease the need for biopsy of the adult spinal cord tumor, or at least to allow the primary surgical procedure to be attempts at resection in patients with suspected ependymomas.
Histologic information from ISCN is important in determining the type and goal of treatment. In adults, astrocytomas are at high risk of poorer outcomes from aggressive surgery [13] . Spinal cord ependymomas in adults and intramedullary spinal cord tumors in children are primarily surgically resected. For infiltrative and high-grade ISCN adjuvant therapy is typically utilized, as resection is not possible [13] [14] [15] . The literature has shown that gross-total resection and subtotal resection yield better patient outcomes than partial tumor resection; however, one of strongest predictors of patient outcome is preoperative neurological status [13] [14] [15] .
Additional studies are needed to evaluate the clinical usefulness of DTI and DT-FT in pediatric spinal cord tumors. The histopathological spectrum of intramedullary pediatric spinal Pediatric spinal cord astrocytomas are often pilocytic, which is rare in the adult central nervous system. Pilocytic astrocytomas tend to be circumscribed and discrete, while the astrocytomas seen in adults tend to be infiltrative lesions such as fibrillary astrocytoma or high-grade astrocytomas, including glioblastoma and anaplastic astrocytoma. These differences result in different imaging characteristics. We hypothesize that because of the discrete nature of most pediatric ISCN, DTI is less likely to differentiate astrocytoma from ependymoma in children compared with adults. However, this imaging would allow surgeons to determinate the level of infiltration of the tumor and help presurgical planning and counseling. Determining the extent of tumor infiltration by using DTI and DT-FT will allow for increased opportunities for safe total and subtotal tumor resection with less possibility for morbidity. One of the major technical difficulties in spinal DTI is susceptibility artifact from structures including, but not limited to, bone and air, which are in closer proximity to the spinal cord than to the brain, especially in the thoracic spine. Another challenge in spinal DTI acquisition and interpretation is because of the smaller size of the spinal cord compared with the larger size of the brain. In the brain, different pathways run in different directions and connect in various orientations. In the spinal cord, a majority of fiber tracts are parallel in the craniocaudal direction. Diffusion tensor imaging has lower spatial resolution than most other imaging techniques. Other limitations of this report are due to the relatively small size of the case series and heterogeneity of tumors. Some tumors may also hemorrhage, which contributes to artifactual imaging. Some are tumors in the thoracic region and adjacent to lungs. The air in the lungs causes artifact. Another limitation is motion caused by respiration and by children moving during imaging.
Future work will include standardizing acquisition and analysis techniques for DTI of the spinal cord, as processing algorithms have typically been optimized for intracranial DTI. Standardization, however, has proven difficult even for intracranial DTI, for which there is more research and clinical experience than in the spinal cord. If pediatric neurooncology centers can standardize, at least to some degree, DTI acquisition in suspected ISCN, it may allow for a multiinstitution registry to further characterize this rare entity.
Our experience with DTI and DT-FT suggests that these modalities are feasible ways to assess white matter tracts in pediatric intramedullary spinal cord tumor patients. The assessment of white matter tracts aids the surgeon in preoperative planning and patient counseling. Based on our small series, spinal cord DTI and DT-FT could contribute to better patient outcomes in the pediatric population.
Conclusions
DTI of pediatric ISCN can assist in surgical planning by determining whether resection, de-bulking, or biopsy is appropriate while minimizing iatrogenic neurologic injury.
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